, are isostructural and adopt a tetragonally distorted trigonal bipyramidal geometry favored by ligand constraints. The nickel complex uniquely adopts an approximately ideal square pyramidal geometry and resembles the active site of Ni-superoxide dismutase (Ni-SOD). Even in coordinating solvents such as MeCN, only five-coordinate structures are observed. The M II −S thiolate bonds systematically decrease in length across the series (Mn−S > Fe−S > Co−S > Ni−S ∼ Cu−S < Zn−S) with exceptions occurring upon the occupation of σ* orbitals. The copper complex, [Cu II (S Me2 N 4 (tren)] + , represents a rare example of a stable Cu II −thiolate, and models the perturbed "green" copper site of nitrite reductase. In contrast to the intensely colored, low−spin Fe(III)−thiolates, the M(II)−thiolates described herein are colorless to moderately colored and high−spin (in cases where more than one spin-state is possible), reflecting the poorer energy match between the metal d-and sulfur orbitals upon reduction of the metal ion. As the d-orbitals drop in energy proceeding across the across the series M 2+ (M) Mn, Fe, Co, Ni, Cu), the sulfur-to-metal charge-transfer transition moves into the visible region, and the redox potentials cathodically shift. The reduced M +1 oxidation state is only accessible with copper, and the more oxidized M +4 oxidation state is only accessible for manganese.
Introduction
A comprehensive understanding of the influence of thiolate ligands on the electronic, magnetic, and reactivity properties of first-row transition metal ions is essential if we are to fully understand why nature uses cysteinate residues to promote specific biological functions in metalloenzymes. [1] [2] [3] [4] Cysteinate-ligated metalloenzymes and metalloproteins promote a number of critical biological processes including electron transfer, 5-7 toxic radical scavenging, 8-13 the degradation and excretion of toxic substances, 14 strong bond activation, 2,14,15 enzyme activation, 16, 17 and the formation of * To whom correspondence should be addressed. E-mail: kovacs@ chem.washington.edu.
§ UW staff crystallographers. key metabolic intermediates. 18, 19 Metal ions are essential components of biological systems because they readily promote reactions (such as electron transfer, strong bond activation, and controlled radical reactions) that would otherwise be impossible. [2] [3] [4] Mechanistic pathways in metalloenzymes are controlled by the metal ion's electronic and magnetic properties, which are tuned by the coordinated ligands, and subtly altered by H-bonding interactions within the protein, or interactions with nearby metal ions. 20 The amino-acid heteroatoms which connect metal ions to proteins can have a dramatic influence on key properties such as redox potential, metal ion Lewis acidity, 21 electron-transfer rates, and HOMO/LUMO orbital energies. For example, replacing the N His ligand in hemoglobin with a S cys in cytochrome P450, dramatically alters the function from that of a dioxygen carrier, to one which activates O 2 and catalyzes the oxidation of unactivated hydrocarbons. 22 A correlation between structure, key properties, and function can be most readily obtained by building small molecular analogues of these sites. 3 Multidentate ligands are generally required to maintain a relatively rigid structure. However, the synthesis of multidentate ligands incorporating thiolates can be challenging 23 given the relative instability of the thiolate group toward both electrophilic attack and oxidative damage. Furthermore, higher-valent transition-metal thiolates can be difficult to synthesize because they are prone to autoreduction and disulfide formation. The synthesis of complexes containing an open-coordination site, to allow for the possible binding of biologically relevant substrates, is especially difficult, and requires the use of steric bulk, non-coordinating solvents, and strict avoidance of potentially coordinating counterions.
24-27
Recently we reported a rare example of a coordinatively unsaturated thiolate-ligated Fe II 
Experimental Section
General Methods. All reactions were performed using standard Schlenk techniques under an atmosphere of dinitrogen. Reagents were all obtained from Aldrich Chemical Co. and were used without further purifications. Solvents were purified through standard procedures. 30 3-Methyl-3-mercapto-2-butanone was prepared according to a published procedure. 31 NMR spectra were recorded on a Bruker DPX 500 FTNMR spectrometer and referenced to the residual protio solvent. Temperatures were determined using van Geets' methods. 32 1 H NMR chemical shifts (δ) are reported in parts per million (ppm) and coupling constants (J) are reported in Hz. IR spectra were obtained as KBr pellets and are recorded on a Perkin Elmer 1700 FT-IR. EPR spectra were obtained using a Varian CW-EPR spectrometer at 4 K equipped with an Oxford helium cryostat. Cyclic voltammograms were recorded in MeCN solutions with Bu 4 N(PF 6 ) (0.100 M) as the supporting electrolyte, using a EG&G Princeton Applied Research potentiostat with a glassy carbon working electrode, an SCE reference electrode, and a platinum auxiliary electrode. Electronic absorption spectra were recorded using a Hewlett-Packard 8453 diode array spectrometer. Magnetic moments were determined via Evans' method corrected for superconducting solenoids at 301.5 MHz 33,34 or by using a Quantum Design SQUID Magnetometer. Elemental analyses were performed by Galbraith Laboratories (Knoxville, TN), or Atlantic Microlab, Inc. (Norcross, GA).
Preparation of of [Ni II (SN 4 (tren)-RS dang )] 2 ‚4H 2 O (3; dang) dangling, uncoordinated thiolate). Nickel(II) acetate tetrahydrate (0.75 g, 3.0 mmol) in methanol (20 mL) was added slowly, via cannula, to a stirred solution (20 mL) of 2,5 dihydroxy-2,5 dimethyl-1,4-dithiane 35 (0.54 g, 3.0 mmol) in methanol at 0°C. The solution immediately turned red/brown and, by the end of the addition, began to deposit a dark red-brown microcrystalline solid. After the mixture was stirred for an hour at 0°C, sodium hydroxide (0.24 g, 6.0 mmol) in 10 mL of methanol was added, followed by tris(2-aminoethyl)amine (tren) (0.44 g, 3.0 mmol), also in 10 mL of methanol. This caused the precipitate to dissolve and the solution to turn dark olive-brown. The reaction mixture was then cooled overnight (5°C), and the volume of the resulting deep blue-green solution was reduced under vacuum to ∼15 mL. This resulted in N 4 (tren) )](PF 6 ) (4). Sodium methoxide (216 mg, 4.00 mmol), 3-methyl-3-mercapto-2-butanone (472 mg, 4.00 mmol), and tren (585 mg, 4.00 mmol) were dissolved in 50 mL of MeOH and cooled to -40°C. Anhydrous NiCl 2 was then slurried in 10 mL of cold MeOH, and the ligand solution was then added dropwise to the NiCl 2 solution resulting in a green solution. This was allowed to warm to room temperature and was stirred for 4 days, and the solution became a dark rust color. The solids were removed by passing the solution through a plug of Celite; the methanol was removed under reduced pressure, and the solid was dissolved in an MeCN solution of NaPF 6 (678 mg, 4.10 mmols) and stirred for 5 h. The resulting NaCl was removed via filtration through Celite; the MeCN was concentrated to ∼10 mL, and diethyl ether (30 mL) was layered over top of the solution. After 6 days at -40°C, red crystals of 4 had formed (1.04 g, 57.0% yield Preparation of [Mn II (S Me2 N 4 (tren))](PF 6 ) (5). Manganese sulfate monohydrate (676 mg, 4.00 mmol) was slurried in methanol (10 mL). To this was added 3-methyl-3-mercapto-2-butanone (472 mg, 4.00 mmol) and sodium methoxide (216 mg, 4.00 mmol) in methanol (25 mL). While the mixture was stirred, tris(2-aminoethyl)amine (tren) (585 mg, 4.00 mmol) was added dropwise. After 5 min, sodium hexafluorophosphate (672 mg, 4.00 mmol) was added. The solution was stirred overnight at room temperature; the solvent was evaporated, and the residue redissolved in acetonitrile (20 mL). The solution was stirred for 2 h and filtered again through Celite. Ether (10 mL) was carefully layered on top, and the colorless solution was cooled to -40°C. Overnight, pale colorless needles of 5 had formed which were suitable for X-ray diffraction (527 mg, 29.6% yield). Electronic absorption spectrum (MeCN): λ max (nm) ( (M -1 cm -1 ): 240 (2911). IR: ν CdN 1647 cm -1 . Redox potential (MeCN vs SCE): E p,a (Mn III/II ) ) + 270 mV (quasireversible), E 1/2 (Mn IV/III ) ) +705 mV. Magnetic moment (solid state): 6.01 µ B .
Preparation of [Co II (S Me2 N 4 (tren))](PF 6 ) (6). Sodium hydroxide (120 mg, 3.00 mmols) was dissolved in 120 mL of MeOH, and 3-methyl-3-mercapto-2-butanone (335 mg, 3.00 mmols) was added dropwise. To this, cobalt(II) chloride hexahydrate (714 mg, 3.00 mmols) in 15 mL of MeOH was added dropwise. After the mixture was stirred for 10 min, tris(2-aminoethyl)amine (tren) (440 mg, 3.00 mmols) was added dropwise, followed by the addition of 680 mg of KPF 6 (3.60 mmols). The solution was stirred at room temperature for 24 h, at which time the solids were filtered through a plug of Celite. The volatiles were removed under reduced pressure, and the resulting green powder was dissolved in 15 mL of MeCN. Diethyl ether (50 mL) was layered on top of this green solution, and the two layers were allowed to diffuse together over several days affording 1.26 g of 6 (93.1% yield). Electronic absorption spectrum (MeCN): λ max (nm) ( (M -1 cm -1 ) . Sodium methoxide (216 mg, 4.00 mmols) was dissolved in 20 mL of methanol, followed by the addition of 472 mg of 3-mercapto-3-methyl-2-butanone (4.00 mmols) and 585 mg of tren (4.00 mmols). Copper-(II) acetate monohydrate (799 mg, 4.00 mmols) was then dissolved in 10 mL of methanol and added dropwise to the ligand solution. After the mixture was stirred for 10 min, 678 mg of sodium hexaflurophosphate (4.01 mmols) in 10 mL of methanol was added, and the solution was stirred overnight at room temperature. The resulting dark green solution was filtered to remove all insoluble products; the methanol was removed, and the resulting green powder was dissolved in 10 mL of MeCN. This was filtered and layered with 40 mL of diethyl ether. The two layers were allowed to diffuse together overnight at room temperature to afford dark green crystals of 7 (687 mg, 33.7% yield). Electronic absorption spectrum (MeCN): λ max (nm) ( (M -1 cm -1 )): 216 (3280), 236 (3400), 382 (3340), 618 (315). EPR spectrum (MeOH/EtOH glass): X-ray Crystallography. A dark blue 0.25 × 0.30 × 0.35 mm block of 3 was mounted on a glass capillary with epoxy. Data was collected at 25°C on an Enraf-Nonius CAD4 (Mo KR, λ) 0.71073 Å). Twenty-five reflections in the range 2θ ) 30-40°were found and centered to determine the cell constants and orientation matrix. The data were corrected for Lorentz and polarization effects using MOLen, and an empirical absorption correction, based on a set of ψ scans (µ) 14.30 cm -1 ), was applied. The crystal showed no signs of decay. E-statistics (XPREP, SHELXTL PLUS) suggested the centric triclinic space group P1 h, and this space group was confirmed by satisfactory refinement of the structure to low-error indices. The structure was solved by locating the Ni atom in a Patterson map and confirmed using a direct methods solution. The remaining nonhydrogen atoms were located from successive difference Fourier map calculations. Atom scattering factors were taken from a standard source. 36 Hydrogen atoms positions were determined from a difference map and refined at fixed positions using a riding model. The 4128 observed reflections with F > 4σ(F) were used in the 08 mm plate of 4 was mounted on a glass capillary with oil. Data was collected at -137°C on a Nonius Kappa CCD diffractometer. The crystal-to-detector distance was set to 30 mm, and exposure time was 20 s per degree for all data sets with a scan width of 1.8°. The data collection was 40.8% complete to 28.68°in θ. A total of 52 638 partial and complete reflections were collected covering the indices h ) -22 to 22, k ) -9 to 9, and l ) -26 to 26; 3519 reflections were symmetry independent, and the R int ) 0.065 value indicated that the data was average (average quality ) 0.07). Indexing and unit cell refinements indicated a monoclinic C lattice in the space group C2/c (No. 15).
A clear 0.59 × 0.26 × 0.26 mm needle of 5 was mounted on a glass capillary with oil. Data was collected at -143°C on a Nonius Kappa CCD diffractometer. The crystal-to-detector distance was set to 30 mm, and exposure time was 30 s per degree for all data sets with a scan width of 1°. The data collection was 86.5% complete to 25°in θ. A total of 148720 partial and complete reflections were collected covering the indices h ) -8 to 9, k ) -15 to 15, and l ) -21 to 21; 2733 reflections were symmetry independent, and the R int ) 0.0658 value indicated that the data was average (average quality ) 0.07). Indexing and unit cell refinements indicated a orthorhombic P lattice in the space group P2 1 2 1 2 1 (No. 19). Although the crystal was sufficiently large, it showed a high mosaicity causing the diffraction for higher θ angles to be difficult to separate by the numerical algorithm employed in the KAPP CCD spectrometer. As a result, more reflections at higher angle in θ turned out to be too much overlapping to be counted in the data statistics. The total diffraction angle 2θ is sufficiently high to ensure proper evaluation of thermal parameters.
A red/green crystal prism of 6, cut down to 0.30 × 0.38 × 0.5 mm, was mounted on a glass capillary with epoxy. The crystals were strongly pleochroic, changing from red-brown to grass green. Data was collected at -145°C on a Nonius Kappa CCD diffractometer. The crystal-to-detector distance was set to 40 mm, and exposure time was 30 s per degree for all data sets with a scan width of 1.8°. The data collection was 77.6% complete to 28.26°i n θ. A total of 5046 partial and complete reflections were collected covering the indices h ) -6 to 10, k ) -10 to 12, and l ) -21 to 21; 3241 reflections were symmetry independent, and the R int ) 0.047 value indicated that the data was good. Indexing and unit cell refinements indicated a orthorhombic P lattice in the space group P2 1 2 1 2 1 (No. 19).
A green crystal block of 7, cut down to 0.22 × 0.19 × 0.10 mm, was mounted on a glass capillary with oil. Data was collected at -143°C. The crystal-to-detector distance was set to 30 mm, and the exposure time was 15 s per degree for all data sets with a scan width of 1.9°. The data collection was 93.8% complete to 26.34°in θ. A total of 13 700 partial and complete reflections were collected covering the indices h ) 0 to 10, k ) 0 to 13, and l ) -22 to 22; 3509 reflections were symmetry independent, and the R int ) 0.0619 value indicated that the data was of average quality. Indexing and unit cell refinements indicated a orthorhombic P lattice in the space group P2 1 2 1 2 1 (No. 18).
A clear crystal block of 8, cut down to 0.48 × 0.43 × 0.31 mm, was mounted on a glass capillary with oil. Data was collected at -143°C on a Nonius Kappa CCD diffractometer. The crystal-todetector distance was set to 30 mm, and the exposure time was 15 s deg -1 for all data sets with a scan width of 1°. The data collection was 96% complete to 28.26°in θ. A total of 12 740 partial and complete reflections were collected covering the indices h ) 0 to 10, k ) 0 to 16, and l ) -22 to 23; 4221 reflections were symmetry independent, and the R int ) 0.0492 value indicated that the data was of better than average quality. Indexing and unit cell refinements indicated a orthorhombic P lattice in the space group P2 1 2 1 2 1 (No. 19).
The data for 4-8 were all integrated and scaled using hkl-SCALEPACK, and an absorption correction was performed using SORTAV. Solution by direct methods (SIR97, default 4) produced a complete heavy atom-phasing model consistent with the proposed structure. All non-hydrogen atoms were refined anisotropically by full-matrix least-squares methods, while all hydrogen atoms were located using a riding model. Crystal data for 4-8 is presented in Table 1 . Selected bond distances and angles are assembled in Table 2 .
Results and Discussion
Gem-dimethyls Prevent Dimerization. Monomeric metal thiolates are not trivial to synthesize because they are prone to dimerization and auto-redox processes affording disulfides. Oligomerization is especially prevalent with coordinatively (Figure 1 ), appear to be responsible for the dangling thiolate arms. Although the dangling arm is free to rotate about the C(9)-C(8) bond, restricted rotation about the imine C(8)dN(3) π-bond prevents coordination to the apical site (occupied by bridging S(1a)) and restricts binding to the equatorial site already occupied by S(1). In other words, the two thiolates S(1) and S(2) compete for binding to the same equatorial site.
The two halves of dimeric 3 are related by a crystallographic center of symmetry, with a Ni(1)‚‚‚Ni(1a) separation of 3.606 Å. The Ni +2 ions of 3 are six-coordinate in distorted octahedral sites composed of two thiolates (S(1) and S(1a)), both of which are bridging, two imines N(1) and N(3), and two amines N(2) and N(4), one of which (N(4)) is trans to the apical thiolate S(1a) (Figure 1) . The Ni-S distances fall in the normal range (2.41-2.54 Å) for sixcoordinate Ni-thiolates, [45] [46] [47] [48] for dangling imine); KBr pellet). Because a cocrystallized H 2 O appears to be essential for the stabilization of the uncoordinated thiolate S(2), it may be that the packing forces required for the inclusion of H 2 O puts strain on the imine. On the basis of its electronic spectral properties in the solid state (diffuse reflectance data in experimental section) versus solution, it appears the dimeric structure of 3 persists in solution. However, the magnetic data (vide infra) indicate that the two Ni 2+ ions are weakly coupled at ambient temperatures. The close contact (3.69 Å) between C(3), C(8a) (Figure 1 ), and C(1) and the midpoint between C(6a) and C(7a) (Figure 2) , as well as the slight bending of the C(3) methyl group away from C(8a) in structure 3, suggested that if one were to insert a bulkier substituent on either the C(3) or C(1) positions (Figure 1) , then dimerization would be prevented. With this in mind, we synthesized the gemdimethyl derivative of R-thioacetone, 3-thio-3-methyl-2-butanone (CH 3 C(O)C(CH 3 ) 2 SH). 31 Condensation of this bulkier thioketone with tren at a Ni 2+ template afforded monomeric [Ni II (S Me2 N 4 (tren))] + (4, Figure 3 ), which resembles the active site of nickel-containing superoxide dismutase (Ni-SOD).
11,12 This method also afforded monomeric derivatives containing Mn 2+ , Fe 2+ , Co 2+ , Cu 2+ , and Zn 2+ , which are isostructural to one another (Table 1) (8)). The Cu 2+ and Zn 2+ derivatives form readily at room-temperature regardless of the order of reagent addition (amine, thioketone, and M 2+ salt). The Mn 2+ and Fe 2+ complexes are extremely oxygen sensitive, and colorless solutions develop a purple or red color, respectively, in an inert atmosphere dry box with as little as, or greater than, 2 ppm of O 2 , as determined using a Teledyne O 2 analyzer. Although less sensitive to O 2 , the Ni 2+ and Co 2+ complexes 4 and 6 were found to be extremely sensitive to the order of reagent addition, the temperature, or both. To obtain reasonable yields of 6, the metal salt, CoCl 2 ‚6H 2 O, must be combined with the thioketone prior to the addition of the amine. This initially affords an insoluble purple precipitate that redissolves upon the addition of tren to afford a green homogeneous solution. To avoid black intractable solids in the preparation of 4, reactions must be done at low temperatures (e -40°C). If the NiCl 2 salt is added to the ligand, as opposed to adding the ligand to the NiCl 2 solution, then significant amounts of black insoluble solids form. An extreme sensitivity to reaction conditions was also observed in the preparation of [Ni II (S , and Zn 2+ derivatives allowed us to determine their structures by X-ray crystallography (Figures 3 and 4) . The structure of the Fe 2+ derivative had been previously reported. 29 Rare Example of a Stable Cu II and readily convert to disulfides and Cu +1 unless significant amounts of steric bulk are incorporated. [58] [59] [60] The first structurally characterized example, [Cu II (SC 6 F 5 )(HB(3,5-i Pr 2 -pz) 3 )] (9), 55, 56 incorporates bulky isopropyl groups and is four coordinate in non-coordinating solvents. Kitajima's model 9 nicely reproduces the properties of blue copper proteins (cupredoxins). [61] [62] [63] Blue copper proteins are electrontransport proteins which facilitate rapid electron transfer via a highly covalent Cu(II)-SR bond and rigid trigonal structure. 64 Key properties reflecting this structure/function relationship include an intense low-energy Cys S f Cu(II) CT band near 600 nm ( g 3500 M -1 cm -1 ) and an unusually small hyperfine coupling constant (A | (Cu) < 80 × 10
/ 2 ) EPR signal. The small A | reflects an extensive delocalization of odd spin density onto the thiolate ligand. 5, 6 Pseudotetrahedral 9 mimics all of these key properties. 55, 56 A three-coordinate example, [LCu-(II)(SCPh 3 )] (L ) bulky -diketiminate), 57 mimics the lowercoordinate laccase blue copper site. 65 Copper(II)-peptide complexes resembling cupredoxins have been assembled using a combinatorial approach, 59 and although approximately 30% of these display the intense low-energy LMCT associated with a Cu(II)-thiolate, this spectral feature bleaches within minutes of formation. The most stable Cu-(II)-thiolate peptide complexes display blue-shifted σS f Cu(II) CT bands (near ∼400 nm) characteristic of a distorted tetragonal site. 59 Higher coordination numbers have been shown to stabilize the Cu(II) oxidation state. 63, 66 Synthetic Cu(II)-thiolate peptide complexes are most stable when assembled in environments that are accessible to solvent, favoring solvent-bound derivatives with higher coordination numbers. 58 Given the trigonal symmetry of the blue copper site, we reasoned that the tripodal [(tren)N 4 S Me2 ] 1-ligand would be the ideal environment in which to stabilize a blue-copperlike Cu(II)-SR with a higher coordination number (five). The gem-dimethyls adjacent to the thiolate, as well as the higher coordination number of 7, do indeed appear to provide significant stabilization because 7 was found to be indefinitely stable both in solution (H 2 O, MeOH, MeCN) and in the solid state and shows no signs of bleaching due to Cu-(II) reduction. The ligand's preferential distortion toward a tetragonal geometry (vide infra) results in a perturbed Cu-(II)-SR site closer to that of the green copper enzyme nitrite reductase. 67 Structures 8°in 7 and 96.2°in 4) . Molecular mechanics calculations (using SPARTAN) consistently minimize to a structure with τ ≈ 0.6, showing that ligand constraints are responsible for the observed distortions. A square pyramidal τ ≈ 0 structure is only obtained when the angles are constrained, indicating that the geometry of the nickel complex must reflect the geometric preferences of the metal ion driven by a net stabilization of populated antibonding d-orbitals (see Figure S-4) . Although the interconversion between idealized trigonal bipyramidal and square pyramidal structures is usually quite facile, this is only when all of the ligands are identical and monodentate. 69 In an asymmetric environment, the barrier to interconversion may be high, 69, 70 and with multidentate ligands, ligand constraints might favor one isomer over the other. In the absence of the condensed thiolate arm, the tripodal tren ligand used in this study would usually favor a trigonal bipyramidal structure.
Periodic Trends in Bonding. Bond lengths in 4-8 follow expected periodic trends, decreasing from left to right across the periodic table (from Mn 2+ to Zn 2+ ; Table 2 ) with exceptions occurring upon the occupation of antibonding e g -(σ)* orbitals. The experimentally determined M-S thiolate bond lengths (blue diamonds) are plotted versus the d nconfiguration in Figure 5 and compared with Shannon covalent radii for high-spin M 2+ (pink squares). 71 Metalsulfur bond lengths are shortest in the Cu 2+ complex 7 (2.254(1) Å) and longest in the Mn 2+ complex 5 (2.412(3) Å). The short Cu-S bond fits with previously observed trends in M-S(thiolate) covalency 72 and occurs because there is a better energy match between the sulfur π-orbitals and metal ion d-orbitals for a late transition metal (such as Cu 2+ ) versus an earlier transition metal (such as Mn 2+ ). The short, highly covalent, Cu(II)-SR bond of 7 is significant, given that this characteristic has been suggested to facilitate rapid electron transfer in blue copper electron-transport proteins. 5, 6, 61 This bond (Table 2 ) is noticeably longer than that of the three/four-coordinate (type 1) blue copper proteins (range ) 2.1-2.2 Å), as well as that of the four-coordinate Cu(II)(SC 6 F 5 )(HB(3,5-i Pr 2 pz) 3 ) (2.176(4) Å), 55 and that of three-coordinate [LCu(II)(SCPh 3 )] (2.124 Å), 57 reflecting the higher coordination number of 7. At first glance, the plot of Figure 5 appears to indicate that the Cu(II)-S thiolate bond of 7 is significantly more covalent than predicted. However, one needs to take into account the fact that Shannon radii are determined for six-coordinate octahedral coordination environments, whereas herein we are looking at a fivecoordinate ∼trigonal bipyramidal (or ∼square pyramidal) environment. In a trigonal bipyramidal environment, only one σ* orbital (d ] + (7) appears to be less covalent (on the basis of extinction coefficients) than one would expect will be the topic of a separate paper. 75 For each compound in the series, [M II (S Me2 N 4 (tren))] + (M ) Mn (5), Fe (1), Co (6), Ni (4), Zn (8)), the electronic absorption spectra (Figure 6 and S-5-7) are solvent-independent and identical in coordinating (MeCN, pyridine, MeOH) and noncoordinating (CH 2 Cl 2 ) solvents, indicating that solvents do not bind to the metal. This is surprising given their electrondeficient nature and the scarcity of five-coordinate structures. 
219 (4800) In contrast, the alkoxide and amine derivatives readily bind solvents or coordinating anions implying that the thiolate sulfur decreases the metal ion's Lewis acidity. Table 3 ). In water, complex 7 is turquoise blue, and these bands blue shift to 358 (1719) and 640 (126) (Figure S-8) . This is most likely caused by H-bonding interactions between the protic solvent and thiolate lonepairs. 76 The relative intensities of the two bands in Figure 6 are in contrast to the electronic absorption properties of the cupredoxins (blue copper proteins). Cupredoxins display a significantly more-intense transition ( ≈ 3000-6000 M -1 cm -1 ) near 600 nm and a much less-intense transition ( < 1000 M -1 cm -1 ) near 400 nm. 5, 64 In fact, the absorption spectrum (and color) of 7 more closely resembles that of the highly perturbed "green Cu" sites of nitrite reductase, 67, 77 stellacyanin, and plantacyanin. 78 The green color of these biological Cu sites arises from the combination of a blue (∼600 (∼1800) nm) πS f Cu(II) transition and yellow (∼400 (∼3000) nm) σS f Cu(II) transition. Structural and electronic perturbations suggested to account for the differences between blue and green copper proteins, include an increased ligand-field strength, an increase in coordination number, 62 a longer Cu(II)-SR bond, and a reorientation of the sulfur π-orbitals (relative to the metal d-orbitals) that reduces the extent of π-overlap in the Cu-SR bond. Consistent with one of these explanations, when the fourth ligand of nitrite reductase is replaced with a non-coordinating ligand, the intensity of the blue πS f Cu(II) band (near 600 nm) increases, while that of the yellow σS f Cu(II) band (near 400 nm) decreases. 77 The significantly weaker intensity of the lower-energy band ( Figure 6 , Table 3) indicates that there is much less π-overlap in five-coordinate 7, relative to 3-4-coordinate blue copper proteins ( ≈ 5000 M -1 cm -1 ), 64 as well as Tolman's 3-coordinate Cu(II)-SR ( ) 5800 M -1 cm -1 ). 57 The origin of the electronic absorption spectral bands for 7, in relation to the blue, green, and red Cu protein sites, 5 will be the subject of a separate paper. Solution magnetic moments for 1 and 5-7 are consistent with a sequential drop in the number of unpaired electrons from five to one as one proceeds through the series Mn 2+ (µ eff ) 6.01 µ B ), Fe 2+ (µ eff ) 5.39 µ B ), 79 Co 2+ (µ eff ) 4.05 µ B ), Ni 2+ (µ eff ) 2.86 µ B ), and Cu 2+ (µ eff ) 1.97 µ B ), and in the solid state, the temperature-dependent inverse magnetic susceptibility plots are linear (Figures S-10 and S-11) and obey the Curie law. Although rare for a five-coordinate firstrow metal ion, thiolates haVe been shown to stabilize lowspin five-coordinate metal ions, but this typically involves the metal in a higher oxidation state.
31,39 Upon oxidation, the iron 29 and cobalt 80 complexes 1 and 6 convert to lowspin (S ) 1 / 2 , 0, respectively) six-coordinate structures. The X-band EPR data verified that the odd-electron systems possess a high-spin ground-state (Figures 7, 8 , and S-12). For example, the EPR spectrum of Figure 7 demonstrates that the manganese complex 5 is S ) 5/2. The 90 G separation between the six main features of the multiline spectrum is consistent with a mononuclear structure 81, 82 and arises from the coupling between the unpaired electrons and ), 64 Kitajima's Cu-(SC 6 F 5 )(HB(3,5-i Pr 2 pz) 3 ) (A | (Cu) ) 54 × 10 -4 cm -1 , g | ) 2.30) and Cu(SCPh 3 )(HB(3,5-iPr pz)) (A | -(Cu) ) 74 × 10 -4 cm -1 , g | ) 2.23), 55 Figure S-14 , E 1/2 ) -703 mV vs SCE). This is in contrast to the lower-coordinate trigonal Cu(II) center of type 1 blue copper proteins, which are reduced in the potential range of +680 (rusticyanin) to +240 mV (auracyanin) vs NHE. 64 Although the +3 oxidation state is accessible with relatively mild oxidants for the earlier transition metals (manganese, iron, and cobalt (Figure 9) ), the waves are quasireversible (to irreversible) because the structures change upon oxidation to accommodate the binding of a sixth ligand. 29, 80 Re-reduction of the solvent-bound cobalt(III) complex is also irreversible on the CV time-scale because MeCN solvent loss occurs upon reduction. The Co Figure S-14) to Ni 3+ and Cu 3+ occurs at potentials of +325, and +690 mV vs SCE, respectively. The +4 oxidation state is accessible for the manganese complex at a slightly higher, reversible potential of +705 mV vs SCE (Figure 10 ). An irreversible ligand-centered oxidation, apparent in the zinc complex ( Figure S-15) , occurs at potentials greater than +1.0 V. and are most covalent in the Cu(II)-SR and Ni(II)-SR complexes. The copper complex electronically resembles the green copper proteins and is a rare example of a stable Cu-(II)-thiolate. The nickel complex resembles the active site of nickel superoxide dismutase. In contrast to the intensely colored, low-spin Fe(III)-thiolates, the M(II)-thiolates described herein are colorless to moderately colored and high-spin, reflecting the poorer energy match between the metal d-and sulfur orbitals upon reduction of the metal ion. As the d-orbitals drop in energy proceeding across the periodic table, the sulfur-to-metal charge-transfer transition moves into the visible region, and the M-SR bonds become more covalent. The redox potentials cathodically shift across the series M 2+ (M ) Mn, Fe, Co, Ni, Cu); the reduced M +1 oxidation state is only accessible with the later transition metal copper, and the more oxidized M +4 oxidation state is only accessible for the early transition metal manganese. Future work will include reactivity studies involving dioxygen, and the characterization of higher-valent derivatives.
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